According to the literature, the safe level of a toxic substance for any given organism 11 may be calculated from its median lethal concentration multiplied by a suitable 12 application factor (AF: usually 0.1 and 0.01). The medial lethal concentrations for 
Introduction 24
Continental waters discharge into the marine environment the different substances they 25 receive from anthropogenic and natural sources; in most situations these discharges 26 contain complex mixtures, which are likely to cause environmental damage because 27 mixtures of toxicants in concentrations below their individual toxic levels may have 28 negative effects on the growth and reproduction of aquatic organisms (Enserink et al., 29 1991; Barata et al., 2006) . 30
There is evidence that the levels of heavy metals are increasing throughout northern 31
Mexico (Holguín et al., 2006) Mexico. Therefore, these discharges may become a major threat to the ecology and to 38 the traditional fishery of the coastal states of NW Mexico, as well as to their growing 39 shrimp culture industry (Páez-Osuna et al., 2003) . 40
Metals may affect the metabolism of penaeid shrimp: for instance, exposure to Cd or to 41
Zn affects the gill functions of Litopenaeus vannamei and L. schmitti (Wu and Chen, 42 2004; Barbieri, 2007) , and of Farfantepenaeus brasiliensis challenged with sublethal 43 levels of Hg (Barbieri et al., 2005) . 44 white shrimp Litopenaeus vannamei, which is the most important species for Mexican 46 aquaculture. The purpose of this study was to assess the effects of mixtures of some 47 essential (Cu, Fe, Mn and Zn) and non essential (Cd, Hg and Pb) metals on mortality, 48 feeding and growth of postlarvae of the Pacific white shrimp L. vannamei. 49 50
Materials and Methods 51

Toxicity ratios, toxic unit and application factors calculations 52
The safe level of a toxic substance (concentration which presumably has no sublethal or 53 chronic effect), may be predicted multiplying its median lethal concentration (usually 54 96-h LC50) by a suitable application factor (AF: usually 0.1 and 0.01) (Buikema et al., 55 1982; Mariño-Balsa et al., 2000) . 56
The 96-h LC50 of Cd, Cu, Fe, Hg, Mn, Pb and Zn for L. vannamei postlarvae were 57 calculated with a computer program based on Probit analysis (Finney, 1971) , using the 58 results results of previous experiments (Frías-Espericueta et al., 2001 , 2003 Cd, Cu, Fe, Hg and Pb, whereas the free ion is dominant in the case of Mn and Zn 69 (Mantoura et al., 1978; Hall et al., 1995) . 70
In one first experiment, which lasted one week (168 h (Logan and Wilson, 1995) . 78
The effect of any given binary metal mixture was determined from the sum of toxic 79 contributions (S) calculated as: 80
Where [A] and [B] are the concentrations of each metal in the mixture causing 50% 82 mortality. S values <1, =1, or >1 were taken as proof of synergism, simple additivity or 83 antagonism, respectively (Vermeulen, 1995) . 84
In the second experiment the design was similar and the AFs were the same, but the 85 organisms were exposed to the mixture of the seven metals and the exposure lasted 21 86 days. 87
Acclimation and water characteristics 88
at different times and of different parental origin from a local commercial hatchery. The 90 postlarvae were acclimated during three days to the experimental conditions in a 91 common 50 l container with natural seawater, previously filtered through a sand and 92 gravel bed, one cartridge system (10 to 1 µm) and treated with 0.5-m mesh activated 93 charcoal. The water was renewed daily and the postlarvae, kept with a 12:12-h 94 light:dark photoperiod, were fed ad libitum freshly hatched Artemia sp. nauplii supplied 95 twice daily in equal rations (Frías-Espericueta et al., 2003) . 96
After this first period of acclimation, triplicate groups of 10 postlarvae for each 97 experimental treatment, taken at random from the common tank, were placed in 600 ml 98 acid-washed glass beakers with 300 ml of filtered seawater aerated with an airstone, 99 where they were kept for three additional days under the same conditions. 100
Throughout this period and during the experiment, the mean background concentrations 101 of Cd, Cu, Fe, Mn, Pb and Zn, determined by atomic absorption spectrophotometry 102 (Spectra AA Varian), were 0.35, 8.0, 1.6, 1.5, 1.1 and 6.7 µg/l, respectively. 103
Temperature was maintained nearly constant at 29 ± 0.5 °C and the mean values of 104 salinity was 35.4 ± 0.2 ppt. The ranges of the chemical characteristics of the seawater 105 used for the experiments are given in Table 2 . 106
It is generally accepted that the toxicity of metals is inversely related to ambient salinity 107 (Hall et al., 1995) . However, although in Mexican shrimp farms L. vannamei may be 108 grown at salinities ranging from <1 to 50 ppt, all commercial shrimp hatcheries of the 109
Mexican NW use full strength seawater with a salinity close to that of this study, 110 6 because they are located in the marine coastal zone where the most common salinity 111 values range between 37 and 35 ppt (Cano-Pérez, 1991) . 112
Exposure experiments 113
After this period, each group of three beakers was added the respective metal mixture; 114 in all cases the experimental conditions were the same as during the acclimation period, 115 but the test solutions were renewed every 48 h and the organisms were fed individual 116 daily rations of 20 Artemia nauplii, supplied every 12 hours in equal portions. 117
In both experiments, observations on survival and molting were carried out at 12-h 118 intervals in each container. Death was assumed in absence of response to a mechanical 119 stimulus with a glass rod. The food consumption in each test solution during the second 120 experiment was calculated by difference between the nauplii supplied daily to each 121 container and those remaining in the flask 24 hours later. 122 123
Results 124
Mortality 125
Previous experiments with L. vannamei postlarvae showed that Hg and Zn are the most 126 toxic among the metals used in this work (Frías-Espericueta et al., 2001 , 2003 . This 127 was confirmed by the results of the first experiment, since the lowest TU 50 was 128 observed with the Hg-Zn binary mixture. 129
The TU50 values of each binary mixture decreased with the time of exposure (Table 3) Hg, Hg-Zn and Hg-Pb, respectively). This indicates a synergistic effect, whereas the 134 mixture Cd-Zn showed an antagonistic effect (S = 2.58). 135
In the second experiment with the mixture of the seven metals, survival was 100% in 136 the control cultures and in those exposed to 0.01 and 0.025 AF, whereas mortality was 137 63.3 and 100% after 21 and 13 days for those exposed to 0.05 and 0.1 AF, respectively 138 (Table 4) . 139
Food consumption, molting and growth 140
In the second, multi-metal exposure experiment, there was no significant correlation 141 between instant mortality and ecdysis (P > 0.1 in all cases). However, we noticed a 142 decreasing number of exuviae with increasing AF, as well as a progressive decrease of 143 the final mean weights of the postlarvae, which were significantly (p < 0.05) lower 144 with 0.025 and 0.05 AF than in the control cultures and in those exposed to 0.01 AF 145 (one-way ANOVA and Tukey's multiple comparison tests, = 0.05) ( Table 4) . 146
There were no significant differences between the food consumption observed in the 147 cultures exposed to 0.01 and 0.025 AF and those of the control. The mortality in the 148 cultures exposed to 0.05 and 0.1 AF did not allow a meaningful comparison with the 149 rest of the treatments. The synergism of the mixture Cd and Hg was observed in the mussel Perna viridis by 169 Mohan et al. (1986) . Both metals have a high affinity for protein binding sites, which 170 might explain their increased toxicity when they occur at relatively high concentrations 171 in the environment (Barata et al., 2006) . A similar explanation is likely for the increased 172 toxicity of the mixtures Hg-Zn and Hg-Pb, although we could not trace other studies on 173 the interactive effect of these metals. 174
The mortalities of L. vannamei observed in the mixture of the seven metals agree with 175 those observed by Chu and Chow (2002) and Verslycke et al. (2003) , when the 176 9 nematode Caenorhabditis elegans and the crustacean Neomysis integer were exposed to 177 combinations of metals in concentrations deemed to be individually safe. These results 178 confirm that metal interactions must not be neglected, since even if they are present in 179 minute amounts, their interactions may generate a severe environmental stress. 180
When L. vannamei are exposed to metals, these are accumulated in gill tissues (Wu and Ceriodaphnia dubia and Daphnia magna exposed to metal mixtures, and in this case it 190 could be due to a greater energy allocation to protect cells from metal accumulation and 191 toxic effects (Spehar and Fiandt, 1986; Enserink et al., 1991) . 192
The presence of metals in Mexican coastal waters should be of concern for commercial 193 hatcheries, because it may result in alterations of different metabolic functions, such as 194 those observed in different penaeid shrimps exposed to metals alone (Soegianto et al. 195 1999a,b; Barbieri, 2007 Barbieri, , 2009 or in mixtures (Wu and Chen,2004) . It should also be of 196 environmental concern, because metals cause increased susceptibility to other stressors 197 in aquatic organisms (Liao et al., 2006) . 198 natural environment, because other variables (pH, alkalinity, natural chelators, 200 temperature and salinity, among others) may affect the response of aquatic organims 201 modifying the availability as well as the toxicity of metals (Wong et al., 1993; Wu and 202 Chen, 2004) . 203
The results of several authors indicate that L. vannamei is a good test organisms for 204 laboratory experiments on the effects of heavy metals, but there is insufficient evidence 205 that it could be used for the in situ assessment of water pollution in field conditions. 206
Although our results indicate that 0.01 AF is a safe level for the survival of shrimp 207 postlarvae, those of other authors indicate metabolic dysfunctions when metals are 208 present at sublethal levels, which might have a severe effect in the long term. Therefore, 209
we feel that additional observations on the histological and biochemical effects of 210 sublethal concentrations of metals should be used to validate our result. 211
We also feel that the allowable concentrations of toxic substances for regulatory use 212
should not be based on untested hypothesis and that, since different species may show 213 different responses (Spehar and Fiandt, 1986) , any allowable limit may be too 214 permissive to protect some species when other toxicants are also present. 
